ABSTRACT Diseases transmitted by mosquitoes could be controlled if vector populations were replaced with strains that have reduced vector competency. Such a strategy is being developed for control of dengue virus which is transmitted by Aedes aegypti (L.) (Diptera: Culicidae). Mosquitoes artiÞcially infected with the bacterium, Wolbachia pipientis Hertig, are being assessed as candidates for release at the adult stage with the aim of replacement of the wild population. Wolbachia can reduce the capacity of Ae. aegypti to transmit dengue virus and has potential to be driven through the natural population via a system of cytoplasmic incompatibility. Deployment of benign mosquito strains will be inßuenced by population size and structure of wild-type Ae. aegypti in proposed release areas, as well as rates of gene ßow among populations in the wet and dry tropical seasons. Mosquitoes from northern Queensland were screened with genetic markers to Þnd an optimal locality for release of a benign strain of Ae. aegypti. The inland towns of Chillagoe and Charters Towers and the coastal town of Ingham had mosquito populations that were partly genetically isolated from mosquitoes in other areas across both seasons. These locations may be suitable release sites if it is important for the released strain to be restricted during initial phases of implementation. Smaller genetic differences were also evident among other regions and were consistent over two seasons (wet and dry).
Replacement of vector populations with benign strains (i.e., those that do not transmit disease) has been proposed as a strategy for vector-borne disease control. New genetic control methods incorporating this strategy are being developed for pest mosquitoes including the dengue vector Aedes aegypti (L.) (Diptera: Culicidae) (McMeniman et al. 2009 ). Populations of Ae. aegypti artiÞcially infected with strains of Wolbachia pipientis that interfere with its vector competence are being backcrossed into wild mosquito genetic backgrounds from north Queensland and assessed as potential candidates for release (Yeap et al. 2011) .
Mosquito strains containing Wolbachia can have a Þtness beneÞt over wild-type mosquitoes due to cytoplasmic incompatibility (Turelli and Hoffmann 1999) and, if deployed appropriately, could replace the wild population of Ae. aegypti (Sinkins 2004 ). However, a successful replacement will only occur if Wolbachia mosquitoes are introduced in appropriate numbers because an unstable equilibrium point has to be exceeded for Wolbachia to spread (Turelli and Hoffmann 1999) . This means that an accurate estimate of the population size of the mosquitoes is needed along with patterns of gene ßow in proposed release areas. Appropriate methods of introduction (time, place and numbers released) will, therefore, be inßu-enced by gene ßow patterns and population size as well as the age structure of Ae. aegypti in proposed release areas.
For Ae. aegypti, seasonal changes in population size and movement are particularly important because modeling on a global scale suggests an increase in density during warmer months of the year (Hopp and Foley 2001) . In temperate regions such as Buenos Aires, abundance of Ae. aegypti ßuctuates with season and adults are not detectable in the winter presumably due to population suppression at low temperatures (Vezzani et al. 2004 ). In contrast, in tropical French Polynesia, populations of Ae. aegypti can be sustained by rainfall events each month so that no differences in activity between the wet and dry seasons are observed, although the wet season is thought to promote vector abundance and longevity and result in an increased risk of disease transmission (Russell et al. 2005a) . Between these extremes, in subtropical Ar-gentina, a population peak occurs in March at the time of maximum rainfall, but is reduced in winter due to low relative humidity, which affects oviposition (Micieli and Campos 2003) .
Here, we consider genetic structure of Ae. aegypti in north Queensland, Australia, in the dry season. Gene ßow has previously been investigated in the wet season within this area (Endersby et al. 2009 ). The highest relative humidity occurs during the summer wet season (DecemberÐFebruary) and the lowest during the winter dry season (JuneÐAugust) (ABS 2002) . However, some areas of north Queensland, such as Townsville and Charters Towers, have a semiarid climate. Ae. aegypti is maintained in these areas by garden watering (Canyon 2001), water tanks, and subterranean sites (Russell et al. 2002) . Coastal areas of northern Queensland are generally more humid than these semiarid sites (Russell et al. 2005b) . Mosquito oviposition and larval development sites in coastal towns are abundant in the form of artiÞcial containers such as garden accoutrements, plastic containers, tires, sump pits, and ßower pot bases (Canyon 2001 , Kearney et al. 2009 ).
Knowledge of effective population size is important when considering a release of a benign strain. The number of individuals that contribute to the next generation is always lower than the census population size so numbers of individuals necessary for release can be modiÞed accordingly. This evolutionary parameter is almost impossible to estimate by direct methods, so genetic methods are often used. Even using genetic methods, life history, sample size, number of cohorts sampled (Waples and Yokota 2007) , and number of loci screened have a large inßuence on estimation of N e and many methods carry assumptions about the populations under investigation (no selection, mutation or migration), which are often violated in nature (Wang and Whitlock 2003) . When only data for Ae. aegypti from the wet season were available and methods of estimation used were based on microsatellite mutation models, estimates of N e for all sampling locations were large (Endersby et al. 2009 ). In general, single point estimates of N e from one generation are less precise than methods that include multigenerational data. However, methods based on temporal changes in allele frequency assume an isolated population with no immigration and estimates of N e can be strongly biased in populations where immigration does occur (Wang 2005) .
We consider the following questions: 1) Can locations be identiÞed that are consistently genetically isolated from others, in cases where releases of mosquitoes into contained areas might be targeted? 2) Is it possible to estimate the effective population size of mosquitoes at different locations?
Materials and Methods
Ae. aegypti were sampled from three inland and nine coastal sites in far north Queensland, Australia (Þg. 1; Endersby et al. 2009 ) in the wet season (MarchÐJune 2006) and the dry season (SeptemberÐNovember 2006) by using collection techniques described by Endersby et al. (2009) . In brief, mosquitoes were sampled using BG-Sentinel traps (Biogents, Regensburg, Germany) or by pipetting larvae from ßooded containers with at least 50 live individuals targeted per location. To minimize the number of siblings in the analysis, only Þve adults per BG-Sentinel trap and one third-or fourth-instar larva per ovitrap or container were used. Samples were preserved in absolute ethanol and stored at Ϫ20ЊC before analysis.
Eight polymorphic genetic markers were used to screen for variation in populations of Ae. aegypti (Endersby et al. 2009 ). These included one microsatellite marker (Gyp8) and two ribosomal protein EPIC markers (Rps20b, RpL30a) developed by Endersby et al. (2009) , a further two microsatellite loci developed by Slotman et al. (2007) (AC1, AG5) , and three loci developed by Chambers et al. (2007) (BbA10, BbH08, BbB07) . DNA was extracted using either a CTAB/ chloroform method (Weeks et al. 2002) or a Chelex 100 Resin (Bio-Rad Laboratories, Hercules, CA) and polymerase chain reaction (PCR) conditions followed Endersby et al. (2009) .
Analysis. A global estimate of F ST (with 95% CL) (Weir and Cockerham 1984) and population pairwise measures of F ST with signiÞcance determined using permutations, were obtained using FSTAT version 2.9.3 (Goudet 1995) . We also estimated F IS and allelic richness (Weir and Cockerham 1984) for each population with FSTAT. Observed (H O ) and expected (H E ) heterozygosity were estimated using GenAlEx version 6 (Peakall and Smouse 2006) and deviations from HardyÐWeinberg (HW) equilibrium were tested using the probability test in Genepop version 3.4 (Raymond and Rousset 1995). Regression and Mantel tests of the linearized F ST transformation [F ST /(1 Ð F ST )] with the natural log of geographic distance were calculated using POPTOOLS version 2.6 (Hood 2002) . The Mantel tests differ slightly for the wet season to those in Endersby et al. (2009) , because there were a few minor scoring errors in the geographic distance table constructed by Endersby et al. (2009) . A second Mantel test of the linearized F ST transformation [F ST / (one Ð F ST )] between pairs of sampling locations in the wet season versus the same estimate in the dry season was also made. SigniÞcance of Mantel tests was determined by permutation (10,000 randomizations).
Analysis of molecular variation (AMOVA) was undertaken in Arlequin version 3.11 (Schneider et al. 2000) by using pairwise F ST as the distance measure, with 10000 permutations and missing data for loci set at 5%. One model for analysis partitioned variation among groups (season), among populations within groups (location) and within populations (locations). A second model was used for data within the wet and dry season separately, with groups being deÞned as "inland" (Charters Towers and Chillagoe) versus "coastal" (all other locations).
Several analyses to estimate the number of populations within the sample data were undertaken. First, factorial correspondence analysis using Genetix version 4.03 (Belkhir et al. 2004 ) was used to visualize patterns of genetic differentiation between the populations sampled. A second exploratory technique, the population assignment test in GenAlEx version 6 (Peakall and Smouse 2006) , was used to see whether individuals from each of the sampled locations were assigned to their collected locality with a greater likelihood than to any of the other locations which would indicate existence of population structure (Manel et al. 2005) . Parameters chosen were: assign all populations, frequency estimator ϭ "Leave One Out", set 0-0.01.
Geneland 3.1.4 (Guillot et al. 2008 ) was used to take both spatial and genetic data into account when determining population structure. Clusters are formed so that each population is in approximate HardyÐWein-berg equilibrium with linkage equilibrium between loci (HWLE). The model was run for the data from each season across sampling locations. The "uncorrelated allele frequency" option was used for all runs across the entire geographic area within a season. 500,000 iterations were used with a thinning factor of 100. Five independent runs were made for each data set with a burnin of 200 (*100). The number of pixels in the spatial design was set at 50*50.
Effective Population Size. In a previous study (Endersby et al. 2009 ), we used two indirect methods to estimate N e Crow 1964, Ohta and Kimura 1973) , the number of individuals in a theoretical ideal population having the same degree of genetic drift as the real population. These methods depended on an accurate estimate of the mutation rate of loci. The estimate of the mutation rate in Endersby et al. (2009) was made for microsatellite loci in Drosophila (Schug et al. 1997 ) and may be inaccurate for Ae. aegypti. Here, we have used several different indirect methods to estimate N e that do not depend on mutation rate estimates and make use of temporal data. The temporal method using moments based F-statistics of Waples (1989) and NeEstimator (Peel et al. 2004 ) was used to estimate N e for mosquitoes at each location using data from one sampling event in the wet season (nominated as generation 0) and data from one sampling event in the dry season (nominated as generation 3 because approximate generation time of 1 mo was assumed based on the observation of a maximum of 15 generations per yr; Kearney et al. 2009 ). All eight loci were used in this analysis.
MLNE version 1.1 (Wang 2001) uses the moment and likelihood methods developed by Wang and Whitlock (2003) to estimate N e and immigration rate (m) jointly from temporal and spatial data on number of allele copies from focal and source populations. MLNE was run to estimate the N e of single isolated populations with the maximum likelihood method of Wang (2001) and the moment estimator of Nei and Tajima (1981) . We also used MLNE to investigate N e around potential release sites for a Wolbachia-based release strategy (McMeniman et al. 2009 ). Gordonvale was a focal population with the source populations of Mossman, Mareeba, Machans Beach, Parramatta Park, and Innisfail. Townsville was investigated as another focal population with the source populations of Cardwell and Tully.
Results
Estimates of Population Genetic Parameters From Genetic Marker Data. As in the wet season (Endersby et al. 2009 ), data from the dry season provided no evidence of heterozygote excess/deÞciency or significant inbreeding in any of the populations (data not shown). Observed (H O ) and expected (H E ) heterozygosities were very similar and there were no signiÞcant deviations from HardyÐWeinberg equilibrium after correcting for multiple comparisons (adjusted P value for multiple comparisons ϭ 0.004) in samples from all locations, although samples from Tully in the wet season and Ingham in the dry both approached signiÞcance (Table 1) . When data were considered by locus across seasons, there was a signiÞcant deviation from HardyÐWeinberg equilibrium for BbB07 (adjusted P value ϭ 0.006). Endersby et al. (2009) previously indicated that null alleles are probably present at this locus.
For individual population and locus comparisons in the dry season, only one signiÞcant result (P Ͻ 0.001) of 96 was observed for Ingham and BbB07 due to a heterozygote deÞciency. Six of the other 11 populations showed heterozygote deÞciencies at locus BbB07, but they were not signiÞcant after correcting for multiple comparisons. There was no consistent linkage disequilibrium between any loci across all populations in the wet (Endersby et al. 2009 ) or dry seasons (data not shown).
Tests for Population Differentiation. The estimate of F ST over all populations was 0.069 (0.055Ð 0.085; 99% CIs) in the wet season and 0.051 (0.034 Ð 0.069; 99% CI) in the dry season. This indicates signiÞcant population differentiation within the samples screened and suggests a slightly higher level of population differentiation in the wet season. Population pairwise comparisons of F ST between all sites and seasons revealed only 49 nonsigniÞcant comparisons out of 300 in the matrix (supp Table 1 [online only]), indicating that most populations were differentiated from others to some degree. Samples from every location except Chillagoe showed no signiÞcant genetic differentiation across seasons based on estimates of pairwise F ST . The number of nonsigniÞcant comparisons among wet season samples and among dry season samples was the same (11; supp Table 1 
[online only]).
There was a signiÞcant correlation between the same pairwise F ST estimates in the wet and the dry seasons indicating that degree of genetic differentiation between samples from particular localities remained consistent (Mantel r ϭ 0.68, P Ͻ 0.0001). Linear regression showed this relationship to be positive (R 2 ϭ 0.51, P Ͻ 0.0001). AMOVA indicated that there was no signiÞcant differentiation between seasons (percentage of variation ϭ Ϫ0.46%, P ϭ 0.99, Va ϭ Ϫ0.00667, SS ϭ 1.174, df ϭ 1). There was signiÞcant differentiation in the dry season between inland (Chillagoe and Charters Towers) and coastal (all other) samples (percentage of variation ϭ 3.7%, P ϭ 0.03, Va ϭ 0.07598, SS ϭ 28.613, df ϭ 1), but this difference was marginal in the wet season (percentage of variation ϭ 2.1%, P ϭ 0.05, Va ϭ 0.02355, SS ϭ 10.161, df ϭ 1).
In a population assignment test, Chillagoe was the most genetically isolated population across both seasons. Self-assignment was 79.1% in the wet season and 90% in the dry season (Fig. 1) . Charters Towers had the second highest self-assignment in both seasons and self-assignment values were similar in the wet (55.2%) and the dry (52.5%) seasons. Ingham and Mareeba had high self assignments in both seasons, with a range from 50.0% to 37.5%. In the wet season, Mossman was the least genetically isolated population; however, its self-assignment increased from 22.6% in the wet to 40% in the dry. Townsville was the least genetically isolated population in the dry season, with a self-assignment of only 2.5%.
Chillagoe, Mossman, Ingham, Machans Beach, and Tully had increases in self-assignment in the dry season compared with the wet season with increases observed for Mossman (ϩ17.4%), Chillagoe (ϩ10.1%), and Ingham (ϩ8.3%). The other seven populations had decreases in self assignment in the dry season compared with the wet season with decreases observed for Townsville (Ϫ20.4%), Parramatta Park (Ϫ15.0%), Innisfail (Ϫ11.6%), and Gordonvale (Ϫ8.9%). Factorial Correspondence (data not presented) and population assignment analyses in both seasons (Fig. 1 ) differentiated Charters Towers, Chillagoe, and Ingham from the other populations.
Analysis of mosquitoes from the wet season, using combined genetic and spatial data (Geneland), divided the samples into two groups (Fig. 2A) . Mosquitoes from Chillagoe and Ingham comprised one group, whereas the other was made up of mosquitoes from all of the other locations. A similar analysis of mosquitoes from the dry season identiÞed four populations in the data (Fig. 2B) . Chillagoe was in a group of its own, as was Charters Towers, whereas mosquitoes from Townsville, Ingham, Cardwell, and Tully formed a single group. Mosquitoes from the remaining northeastern sites formed the fourth group.
In the wet season, samples from Charters Towers, Innisfail, and Cardwell had the highest mean number of private alleles (0.250) followed by Mareeba and Ingham (0.125) , and the remaining seven populations had none. In the dry season, Charters Towers had the highest number of private alleles (0.375) followed by Chillagoe (0.250). Gordonvale and Innisfail both had 0.125, and the remaining eight Australian populations had no private alleles in the samples taken. Allelic richness was highest in Charters Towers in both seasons and lowest in Chillagoe (Table 1) .
Isolation by Distance. Genetic isolation by geographic distance was present in both seasons with a Mantel test showing a relationship between linearized F ST estimates and the natural log of geographic distance (Mantel r ϭ 0.481, P ϭ 0.003, wet season; r ϭ 0.418, P ϭ 0.021, dry season). Linear regression showed this relationship to be positive in both seasons (wet season: R 2 ϭ 0.232, P Ͻ 0.001; dry season: R 2 ϭ 0.174, P Ͻ 0.001) (Fig. 3) .
Effective Population Size. Estimates of N e from each sampling location differed between seasons and size ranking of each sample was different depending on the method used (Table 2) . Using the temporal method, which took both seasonsÕ data into account, the smallest estimate of N e was for Chillagoe and the largest for Charters Towers. However, upper 95% CIs for most of the estimates were reported as ϱ, indicating that there is inadequate power to achieve a Þnite estimate of N e under these experimental conditions. Sample size, sample interval, and number of indepen- dent alleles are all required to be large if temporal estimates of N e are to be precise and accurate (Wang 2001) . The results suggest that in many cases, our sample sizes at single locations at least were not large enough for great precision. The four sampling locations for which an upper estimate of N e was made were Chillagoe, Mareeba, Machans Beach and Cardwell (Table 2) . Estimates of N e for the population groups suggested by Geneland were all Ͻ300 (Table 3) . Upper 95% CIs were estimated for each of these putative population groupings and were all Ͻ750 individuals.
The analysis of focal populations (planned potential release sites for a strain of benign mosquitoes) indicated that N e for Gordonvale may be lower than that of Townsville; however, conÞdence intervals were extremely wide (Table 4 ). The estimated migration rate for the Townsville focal population had a tighter conÞdence interval than the estimate for Gordonvale and was Ͻ1.
Discussion
The data from genetic markers indicate there is signiÞcant population genetic structure in Australian Ae. aegypti that seems relatively stable across the wet and dry seasons in 2006. Endersby et al. (2009) showed Estimates of N e for each sampling location: for moments based temporal method, Waples (1989) , Peel et al. (2004) , Ovenden et al. (2007) ; for single isolated population, Nei and Tajima (1981) , Wang (2001). previously that populations of Ae. aegypti collected in the wet season in 2006 were structured in Australia and that there was limited gene ßow that seemed to follow, somewhat, an isolation by distance model. Despite signiÞcant reduction in density of Ae. aegypti during the dry season in Australia (Montgomery and Ritchie 2002) , the standing population genetic structure remains stable, with a strong positive correlation found between population pairwise F ST for the wet and dry seasons. This probably reßects the limited gene ßow between populations, as well as population sizes within each of the sample locations being large enough to obviate the effects of drift and inbreeding. Continuity in genetic structure of populations between seasons also could be maintained by large numbers of eggs surviving through the dry season and hatching when the wet season begins.
Although signiÞcant structure appears throughout the distribution of Ae. aegypti in Australia, several patterns are evident from the data. Chillagoe seems the most genetically differentiated of all sampled populations. This population was distinct in all analyses for both the wet and dry season data and allelic diversity was also reduced in both seasons compared with other populations. The isolation is not surprising given that Chillagoe is an inland settlement Ϸ100 km from the nearest town, and has a human population of only a few hundred individuals. Charters Towers and Ingham were the next most differentiated sites across seasons. Charters Towers is also an inland settlement at the southern end of Ae. aegyptiÕs current distribution, although the human population is considerably larger (Ϸ8,000 people). Ingham, however, lies on the east coast of Australia and well within the continuum of sample sites on the east coast. It is not clear why this population of Ae. aegypti seems genetically distinct. Ingham is surrounded by ranges, national park and state forest on three sides, the Hinchinbrook channel in the north, and the ocean in the east. Perhaps these areas, which lack human habitation, are enough to limit natural mosquito movement into and out of Ingham.
There is also consistently low differentiation in some areas across the wet and dry seasons. The more northern coastal populations (Mossman, Mareeba, Gordonvale, Innisfail, Parramatta Park, and Machans Beach) tended to be similar in all analyses, with generally low pairwise F ST estimates, although some were signiÞcantly different from zero. Similarly, the southern coastal populations (Tully, Cardwell, and Townsville) tended to have low pairwise F ST estimates.
Effective population size estimates (N e ) are important to ensure that Wolbachia-infected Ae. aegypti may be released in sufÞcient numbers to replace existing populations, particularly as the unstable equilibrium point may be quite high (Turelli 2010 , Yeap et al. 2011 . Endersby et al. (2009) used single point estimates of N e (determined from one generation) with models for microsatellite evolution, which can be less precise than multigenerational data (Saarinen et al. 2009) . In this study, we have used several temporal methods based on allele frequency changes in populations to estimate N e (Nei and Tajima 1981 , Waples 1989 , Wang 2001 , Peel et al. 2004 , Ovenden et al. 2007 .
The N e estimates from each location were orders of magnitude lower than those made by Endersby et al. (2009) based on nontemporal approaches. The current results point to the effective population size of mosquitoes being relatively small in each location. However, 95% CIs on these estimates were generally large, and in some cases the upper limit could not be calculated. This situation was improved when N e was estimated for groups of genetically and spatially similar samples rather than for samples from single col- Williams et al. (2008) were Ϸ70 in the wet season and seven in the dry season. Surveys were taken over Ϸ50 km 2 (Williams et al. 2008) , so a rough wet season population estimate for the whole of Cairns would be 350,000 and a dry season estimate would be 35,000. Compared with the indirect N e estimates, census size estimates seem to be orders of magnitude greater for both the wet and dry seasons. Similarly, recent surveys from YorkeyÕs Knob and Gordonvale in 2009/10, areas just north and south of Cairns respectively, indicate that one to 10 females occur per house in the wet season, equating to a census size of Ϸ800 Ð 8,000 adult females per town (Ϸ800 houses in each area; S.A.R. and P.H.J., unpublished data).
The results have implications for Wolbachia-infected Ae. aegypti replacement strategies being considered for North Queensland (McMeniman et al. 2009 ). Chillagoe, Charters Towers, and Ingham are the most suitable locations for the release of Wolbachia infected benign mosquitoes if it is important for the released strain to be restricted during early phases of implementation. These locations have the most genetically isolated populations of Ae. aegypti and any spread of an infected strain to other locations will, therefore, be limited. Conversely, if the goal is to spread the benign Ae. aegypti strain through its distribution, then releases should be considered in coastal regions other than Ingham. Although this study has addressed continuity of genetic structure and gene ßow across a wet and dry season in Australian Ae. aegypti, further work is required to determine whether this pattern will persist across years.
In conclusion, we have shown that populations of Ae. aegypti are genetically structured in north Queensland and this structure is maintained across wet and dry seasons. Some populations that show greater isolation may have low effective population sizes and are candidates for the initial releases of benign mosquito strains. A more targeted study of effective population size should be made in these strategic locations to answer the question of how many mosquitoes should be released to ensure that released mosquitoes constitute a substantial proportion of the natural population of Ae. aegypti.
